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1. INTRODUCTION

The quest to achieve higher projectile velocities is currently of worldwide interest among the
ballistics community. While terminal ballisticlans debate the relative merits of velocity and mass oii
target, the interior ballisticians continue to pursue both conventional and novel approaches to
providing launch velocities of 2.5 km/s and greater. A considerable investment is being made to

develop practical electric gurts, including electrothermal-chemical and electromagnetic launchers
of various types. Large light gas guns and even inbore ramjet propulsion are being considered for
providing very high launch velocities. However, conventional chemical propulsion appears to offer
a limited but certainly achievable capability in this area. Current efforts at the Ballistic Research
Laboratory include a modest study of solid propellant hypervelocity guns, aimed at providing a
detailed understanding of the hydrodynamics of this environment as well as baseline data on the
performance available from a conventional approach. Such a launcher may or may not offer a
practical capability for tactical or strategic appi~cations, but may indeed offer a readily available
laboratory device for facilitating large-scale te;minal ballistics studies at very high velocities, as well
as serving as a basis of comparison to measure the progress of the more novel propulsion

approaches.

The most direct methods for increasing projectile velocity in a solid propellant gun are to
decrease the projectile mass, increase the length of the weapon, increase the maximum chamber
pressure, and increase the energy in the propulsion charge. Any or all of these techniques may be
used to produce a hypervekcity launch system. In parallel to the quest for higher velocities is the
development of techniques to accurately model the performance of these guns. Most modem
interior ballistic computer codes perform very well through the inventory of fielded ammunition, but
when the ratio of the propuLsio charge mass to the projectile mass (Charge to Mass ratio or CIM)
exceeds one (1)(the value approached by most modem kinetic energy ammunitbun), the mechanism
for transfer of energy from the burning propellant to the base of the pro:ectile ceases to be as simple

as assumed by most codes (Robbins 1986).

2. EXPERIMENTAL

2.1 ,Ga . At BRL seven-inch snmoohbore gun syste,,,s ornginally mc-fied for use

in the High Altitude Research Program (HARP) are frequently used to ace- erate large masses to
current ordnance velociies. or tight masses to the hypervelocity nmgime (12u0! and Murphy 1988.
Evans 1966; Boyer and MacAll•ster 1966). These guns feature projectde t-avels of up to 15.25 m
(600 •i), maximum chamber pressures of 483 MPa (70 kps.) and chamber volumes of 0037 m3
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(2271 in3) or inure. For our tests a gun of this type was mounted in a M 174 recoil on a M 1 towed
howitzer mount. The tube wns supported just forward of the joint by a rigid mount equipped wit-:
rollers (see Figures 1 and 2). This prevented excessive tube droop and restricted tube whip d- ý-n

the gun firing without interfering with the recoil cycle. New inspection criteria for this series 0. gun
condemned this tube (SN 1098) and breech soow after these experimental firings were ccc 'piitded.

I 1.
fir P.1 P4 Pi P

______Figure 2. Seven-Inrch HARfP Gun Dhaornr (,5% 109Ba J
2.2 instrulianinalion The gun was instrumented with ten (10) piezoelectric pressure

transducers (Kistler Model 6211) at nine (9) different axial locations along the tub,-,- Transducer
locations, are identified in Figure 2. The transducor miounting hailes were- machined diremc-y into the
tutbe wagl. Two microwave interferomveters (1I ý GHz & ¶ O, 25 GHz),were u~lihized to r-corid the motion

of thte projecitl e while in the gun tube. Two 35-mm srnic- i cameitras w-Cre used to record projectile
ve-locitv and integrity after muzzle exit. Hi(Ih speed film c-ame-ras and standard vid#eo calmeras wiore
utilized to record various portions. of each firing.

2-3 EnCar The high ratio of chamber length to chamber diameter in this gun

system made the design of the ignition system critcal to safe, operation P'revious firings of this

weapon at G'Ws of up to one (!) utl~ized an art-illery type black~ powde.-,r and nilrocetflulso .sttake*
running up the cei~nler ol- the charne to transrmu the -mition, pu~se io theo pr-)poflart beed un ,fornl~

Experience with 12O-mrn hyp~erveloccity gun svstems indca tw that it wouldtbe simple( and safer to



II . • Figure 3. Charge Compoonents & Diaarm.

utilize partially cut stick propellant technology (Ruth and Horst 1991; Ruth, Robbins, and Horst

1991). The multiperforated propellant sticks have nearly the same progressivity as multi-perforated

granular propellants, but since the sticks present natural flow channels to the igniter gasses, It is

safe to ignite this very long charge with just a breech mounted ignition system. The charge

configuration for round one is shown In Figure 3. It consisted of an M52 electric igniter, an M82

percussion primer, a 209 g (0.461 Ib) class 1 black powder basepad, and 31.8 kg (70.1 Ib) of JA2

stick propellant. Round two utilized 30.4 kg (67.0 Ib) of the JA2 sticKpropellant. The JA2 was divided

up into three bundles. Details of the charge configurations are presented in Table i. XNOVAKTC,

an interior ballistic computer code described later in the paper, was utilized to determine which of

the lots of JA2 stick propellant on hand would yield the highest muzzle velocity with a maximum

pressure of 448MPa (65 kpsi).

Table 1. Charge Component Data.

ROUND PROPELLANT MASSOF MASSOF MASSOF TOTAL BASE
NUMBER TYPE BUNDLEI BUNDLE2 BUNDLE3 CHARGE PAD

MASS MASS

1 JA2. 19 perf, pdr- 12.864 kg 12.873 kg 6.061 kg 31.798 kg 209 g
Valiy-cut cylindri-

2 cal ,tick 14.462 kg 14.378 kg 1.584 kg 30.424 kg

2.4 Proiectile, Figure 4 shows a riagram of the 4.987 kg (10.994 Ib) slug projectile utilized

for the first firing. Polypropolux, a high strength, low cost plastic, was chosen as the base material

for this projeciile because of successful test firings in a 120-mm hypervelocity system. Since the

measuroment of projectile velocity was a critical part of the program, the projectile had to have a

material capable cf reflecting microwave energy on its front face. This requirement was satisfied

with a 0.003175 m (0.125 In) thick aluminum plate attached to the front of the projectile. This

projectile survived launch, but analysis of radar data led us to believe that obturation was lost early

in the firirnq

3
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Rgure 4. Projectile for Round One. 4.987 ka. Figure 5. Projectile for Round Two. 4.988kg.

* Figure 5 is a diagram of the 4.988 kg (10.996 Ib) projectile design used for the second round.

The forward and rear diameters are the same as the round one projectile, but the interference fit

section atthe rearof the projectile presents aiargerobturating surface. The rearface of the projectile

wassreinforced with a .00635 m (0.25 in) thick aluminum plate to provide greater protection from

the propelling gasses. To maintain the same projectile mass and allow for the much wider obturator

band and the additional aluminum plate, the length of the projectile was reduced. Other changes

resulting from the change in projectile design are highlighted in the description of the gun firings.

S3. 01' F'.NGS

3.1 Bgundi- To maintain similitude with previously completed computer simulations, the

projectile needed to be seated 1.473 m (58.0 in) from the rear face of the tube (1.397 m (55.0 in)

from the forward face of the spindle). The projectile was inserted into the chamber by hand then

forced into position using a hydraulic jack. Since this system did not allow precise cuntrol of the

projectile motion, the projectile was finally seated at a position 1.492 m (58.75 in) from the rear

face of the tube. The calculations presented in this paper were pedormed after the firings and reflect

the true experimental seating distance. Table 2 summarizes the gun parameters for both rounds.

Before loading the propulsion charge the chamber was swabbed with Keivan, a water based jelling

agent traditionally used as a thickener in the food industry, which was intended to provide a cooling
layer to reduce chamber erosion due to the hot burning JA2 propellan'. Figure 6 shows the pressure

time histories for round one.

4



Table 2. Gun Firing & Simulation Data.

ROUND CHARGE PROJECTILE C/M CHAMBER P1 P2 P3 P4 MUZZLE
NUMBER MASS MASS (kg) VOLUME (MAX) (MAX) (MAX) (MAX) VELOCITY

(kg) ... ..... (m3) (MPa) (MPa) (MPa) (MPa) (m/s)

1 31.798 4.987 6.38 0.04962 428 362 306 297 ---

1-XKTC 31.798 4.987 6.38 0.04962 418 376 324 320 2815

2 30.424 4.988 6.1 0.04382 432 365 316 --- 2818

2-XKTC 30.424 4.988 6.1 0.04382 1 413 1 --- 304 --- 2880

-BREECH
0--- . 940m

--. 270m
--6-2.159m

me = .480m-

-5. 004m

- -!

TI ME (5)
Figure 6. Round1. Experimental Pressure 0- ta.

3.2 RoundIWo An increase In the force required to seat the projectile, due to the projectile

design changes made prior to round two, limited the seating distance to 1.295 m (51 in). This

significantly decreased the chamber volume and required a reduction in the propulsion charge

mass. Before the propulsion charge was loaded for round two the gun tube was purged with helium

and sealed with a plastic diaphragm. It was hoped that this procedu - would have two positive

effects. The first was to reduce the resistive force encountered by the projectile by decreasing the
density of !he gas in the tube. Interior ballistic simulations show that a helium filled tube yields a

significant increase in muzzle velocity. The greatest benefit would have been gained by evacuating

the tube, but the difference between helium and vacuum, is not, that large. and the experimental



-- BECH

-o1.270 T
S-&-2.159m

-...- 19-3.480m

wz
IN

TIME (s)
Fiur 7. Round 2. E~dmtlPressure Daa.

- Figure 7..mn

38

~37

-31 33

27

26
0.0 1.0 P.0 3.0

VELOCITY (kmnls)
Figure R. Ruund 2- Velocity Waleilall Plot.
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technique for evacuating the tube is much more cumbersome than a simple gas purge. The other

benefit of the helium purge was to eliminate any reactive gasses from in front of the projectile. Then

if obtur~tion failed, the fuel rich gasses would not encounter an oxidizer rich atmosphere. This

technique reduces the effect of blow-by on inbore radar signals. Figure 7 shows the pressure time

history for round two and Figure 8 shows the waterfall plot (velocity spectrum at discrete time steps

described In the interferometry section).

3.3 Comarison Even though there were slight differences in charge mass and chamber

volume (as detailed in Tables 1 and 2), the peak chamber pressures were virtually identical for both

rounds. Despite the length of the charge and the simple base ignition system, pressure wave levels

were minimal Ohroughout the Interior ballistic cycle. This is credited to the low axial gas flow

resistance of the stick charge.

3.4 Instrumentation Performance

3.4.1 Pressure. All of the pressure transducers in the gun chamber appeared to perform well

during the first firing. The downbore gages (beyond P4) only worked for a short time. This was

believed to be caused by a flexural resonance phenomenon which causes high frequency, high

amplitude radial strain waves in relatively thin tube walls during the passage of a hypervelocity

projectile (Simklins 1987). Efforts are currently underway to attempt to isolate the transducers from

this effect. During the second firing most of the chamber transducers functioned properly, but the

performance of downbore gages was mnarginal at best. It should be noted that P3 was exposed to

the initial chamber pressurization for round one; however, because of changes in the projectile for

the second round, the projectile was not seated as far into the gun, and covered P3 until after the

projectile moved 0.05 m (1.97 in).

3.4.2 Interferometry. On the first round the inbore 15 GHz radar signal attenuated after just a

few centimeters of projectile travel. The 10.525 GHz radar, used in the downrange mode during the

first round, failed to track any signal due to masking by the enormous cloud of ionized gas which

followed the projectile out of the muzzle. On the second round the 15 GHz signal once again

disappeared soon after the onset of projectile motion. For this round the 10.525 GHz radar was

used in the inbore mode, and transmitted signal throughout the interior ballistic cycle. Figure 8 was
generated by performing Fast Fourier Transforms (FFT's) on the raw interferometer data at
one-millisecond intervals. No attempt was made to generate a velocity-time history from the

interferometer data.

7



3.4.3 Cameras. All framing, video and smear cameras performed well during these firings.

4. MODEUNG

4.1 Bagruj Previous efforts to model large-caliber hypervelocity firings in a 120-mm
gun (Ruth and Horst 1991; Ruth, Robbins, and Horst 1991) underscoredthe necessityof employing
a two-phase flow interior ballistic code to simulate the hydrodynamics (particularly the pressure
gradient) associated with the very high charge-to-mass ratios employed. Lumped-parameter codes
continue to be useful, even at hypervelocities, for defining overall performance potential for a given
gun envelope; however, limitations In the physics of the codes (again, primarily the simplified
pressure gradient) typically require compromises in the input data to provide a match to observed
peak pressures and velocities, leading to significant disparities in details of the inbore trajectory
between theory and experiment.

In an attempt to model the 7-inch HARP firings conducted in this study, calculations were
performed using the XKTC interior ballistic code (Gough 1990). XKTC is then latest version in a
successful series of improvements to the NOVA code (Gough 1980), embodying the features of
codes known as XNOVA (more efficient computational techniques), NOVATC (traveling charge
option), XNOVAK (finite rate chemistry), and XNOVAT (numerous features for tank ammunition,
including case combustion and projectile afterbody intrusion).

The basis for the NOVA family is a one-dimensional (with area change), two-phase, unsteady
flow representation of the interior ballistic cycle. The balance equations describe the evolution of
macroscopic flow properties accompanying changes in mass, momentum, and energy arising out
of Interactions associated with combustion, interphase drag, and heat transfer. The state variables
are to be thought of as averages of local microproperties, with intractable details of the microflow
related to the macroscopic variables by means of empirical correlations. Functioning of the igniter

is specified as a predetermined mass injection rate as a function of space and time. Flarnespread
then follows from axial convection, with the propellant responding as an inert material until a surface
temperature Ignition criterion is met, regression then ensues based on a conventional aPn burning
rate law, unless the finite rate chemistry option is invoked (not used in this study). The governing
equations are solved by the method of finite differences with an explicit allowance for discontinuities
in the state variables at internal boundaries dehined by the ends of the propellant increments.

8



4.2 Round One. Prior to the actual firings, a nominal XKTC Input data base (see Appendix)

was assembled based on the physical dimensions and properties of the system components, an

assumed projectile seating distance, and other data (e.g., propellant burning rate, bore resistance

profile) developed for and modified from previous hypervelocity firings (Robbins, Ruth, and Horst,

not yet published). Simulations were performed using these data to identify the best available

propellant lot and to estimate a charge weight that would provide maximum performance at a peak

chamber pressure at about 414 MPa (60 kpsi), a recommended safe limit for our tube.

After the first firing, the data base was altered to reflect actual component masses and loading

data *'e.g., projectile seating distance). The first simulation performed using these data provided

an adequate match to overall performance data (e.g., peak chamber pressure) but a somewhat

disappointing tepresentation of details of the pressure-time curves as well as the times at which

the projectile passed the downbore pressure gages.

One of the essential features of a multiphase flow interior ballistic code is treatment of

Interactions between the solid and gas phases, such as the interphase drag. This drag force is

usuall., calculated in such codes by reference to empirically based correlations forfixed and fluidized

beds of particles of approximately the correct shape at appropriate Reynolds numbers. For the

I0 -BREECH"
S-o-270m
-,-2.159mSa -9- 3.48cm

5. 004m

TII ME Ws
Figure 9._ _ __ _ _

Fge.RouiCaktedPressure Data ___
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126 XKTC PREDICTED PROJECTILE BASE PRESSURE

0 EXPERIMENTAL DATA POINTS
- -. FIT TO EXPERIMENTAL POINTS

100

%
M 76 %

%
cr 0%

g60

26 4

0 5 i01
TIME (ms) •__.____

Figure 10. Round 1 Calculated Base Pressure Data.

partially cut stick propellant employed in the subject firings, while it is clear that the propellant initially

offers the geometric characteristics of a bundle of stick propellant and later transforms to a (largely

fluldized) bed of what is essentially granular propellant, the timing of this event is unknown. The

XKTC code makes the assumption that this transformation begins to occur when motion of the

projectile has provided sufficient additional chamber volume for the separated propellant pieces to

rotate. Owing to the limitations and uncertainties of this assumption, additional simulations were

performed varying the time period over which this transition occurs.

The final parameters selected (also listed in the Appendix) resulted in the pressure-time curves

shown in Figure 9, providing a good match to the shape of the experimental curves and the times

at which the projectile passed the first three downbore pressure gages, with the predicted pressure
within 10 MPa of the measured value. No verification of the predicted muzzle velocity was possible

as this measurement failed.

Figure 10 displays a simulated projectile base pressure-time curve. along with values for the

maximum pressures recorded by the first three downbore gages. We note that while good

agreement is seen for the first two locations, the measured value for the third falls far below the

simulated base pressure at that position. Given Mhe damage to downbore gages beyond the third

10



position (possibly from tube flexural resonance), data recorded at this third position was also
considered suspect. A quick check on the plausibility of these data was performed by constructing

a simple model of the base pressure curve based on the early portion of the calculated curve
"spliced" to experimental data from all three downbore gages. A comparison of predicted velocities

based on this crude model and the XKTC simulation Itself (which provided a good fit to the

experimental pressures measured at the first two downbore gages but not the third) revealed a
difference of some 600 m/s, the profile including the data from the third downbore gage predicting
a velocity a velocity of 2479 m/s, far below both theory and experiment as presented in Table 2. It
was thus concluded that the experimental pressure measured by the third downbore gage should

be discounted.

4.3 g T As mentioned In an earlier section of this report, changes were introduced In

the configuration of the projectile for the second firing, and an XKTC calcu!ation was performed
reflecting these changes to select a charge mass for the test. The input data are again recorded
in the Appendix, and the pressure-time curves resulting from the simulation are presented in Figure
11. The simulation, however, assumed pure helium in the tube ahead of the projectile, a situation
that was not likely at the time of the firing, and did not fully account for the influence of the change
in projectile configuration on the bore resistance. These factors likely account for some disparity

A - -BREECH
-- 1. 27m

4F -v- 3. 400m
-5.004m

-15.164n

M _ _

TIK

1I IFigure 11, Round 2 Ca~cutatd, resro D~ata
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between the .,redlction and the measured values (which this time Includes a successful measure-
ment of the projectile velocity), as presented In Table 2. Further, the quality of virtually all recorded

downbore pressure curves precluded their use as anything but event markers in evaluating the

accuracy of the simulation.

5. CONCLUSIONS

Significant masses can be propelled to velocities in excess o1 2.5 km/s utilizing a conventional

mode of solid propulsion. While the high charge to mass ratio leads to significant pressure giadients

ultimately limiting achievable velocities (Heiser 1980), firings conducte'd under this proG;ram verify

the practicality of such launchers for use in laboratory applications ano perhaps even suggest the
potential for certain weapon applications as well. Further, the XKTC multiphase flow interior ballistic
code appears to offer a useful capability for charge design for such launchers.
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APPENDIX

INPUT FOR XKTC SIMULATION OF 7-INCH HARP GUN FIRINGS
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ROUND ONE, PRELIMINARY SIMULATION
175 MM MOD GUN 1098 HARP
TTFFTTT 160 00 1

55 -3 03500
10.0 604.0 0.0001 2.0 0.05 0.01 0.0001 0.0001
1000 100 1100 1001500 100

8965001200080
529. 14.7 28.896 1.4
"529.0
JA2 19PF LOT 792-39 1.0 55.75 70.1 .05763

. -9 .587 0.036 1.5 19. 1
.1 0.01 8.0 7.0 1.0 1.0
40000. 1.0 41754. .5
6000. .0010154 .8608 100000. .00048009.9469 0.0 800.
.0277 .0001345 .6
20372433. 24.8226 1.2268 26.98
W,,7547. 30.93 1."1 23.00

0. .008 .012 .015 .05 .0510 .052 .0525.0725
0.0 .99 1,00 12.0 12.1 21.3
0.0 0.0 0.0 0.0 0.0 0.0
75. 75. 0.0 0.0 0.0 0.0
00. 00. 0.0 0.0 0.0 0.0

0. 0. 0.0 0.0 0. 0.
0. O0 0.0 0.0 0. 0.
0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0.

0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 4.240 41.2 4.240 49.15 3.806 85.00 3.79
88.6 3.655 114.65 365 120. 3.65 659.1 3.65
0.0 200. 28. 300. 38. 1000. 45. 300.
615. 300.
1.4 14.7 550. 28.9
0.05 0.43 10. 1.25
7.77 0.0228 .75,5.75 10.994 44.0 0.000
0.0 37. SO. 85. 137. 197. 654-25 50.
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ROUND ONE, FINAL SIMULATION
175 MM M,1OD GUN 1098 P.'.RP
TTFFTTT 160 00 1

56 -3 03500
10.0 604.0- 0.0001 2.0 0.05 0.01 0.0001 0.0001
1000 100 1100 100 1500 100

8965003200080000
529. 14.7 28.896 1.4
529.0
JA2 19PF LOT 792-39 1.0 22.0 28.362 .05763

-9 .587 0.036 1.5 19. 1
.1 0.0 10.0 9.0 2.0 1.0
40000. 1.0 41754. .5
6000. .0010459 .8608 100000. .00049449.9469 0.0 800.
.0277 .0001345 .6
20372433.24.8226 1.2268 26.98
JA2 19PF LOT 792-39 22.0 43.0 28.380 .05763

-9 .587 0.036 1.5 19. 1
.1 0.01 8.0 6.0 2.0 2.0
40000. 1.0 41754. .5
6000. .0010459 .8608 100000. .00049449.9469 0.0 800.
.0277 .0001345 .6
20372433. 24.8226 1.2268 26.98
"JA2 19PF LOT 792-39 43.0 55.75 13.361 J5763
-9 .587 0.036 1.5 19. 1

.1 0.01 7.0 5.0 2.0 2.0
40000. 1.0 41754. .5
6000. .0010459 .8608 100000. .00049449 .&469 0.0 800.
.0277 .0001345 .6
20372433.24.8226 1.2268 26.98
9967547. 30.93 1.221 23.00
0. .008 .012 .015 .05 .0510 .052 .0525.0725
0.0 .99 1.00 12.0 12.1 21.3
0.0 0.0 0.0 0.0 0.0 0.0
75. 75. 0.0 0.0 0.0 0.0
00. 00. 0.0 0.0 0.0 0.0
0. 0. 0.0 0.0 0. 0.
0. 0O 0.0 0.0 0. 0.
0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0.
0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 4.240 41.2 4.240 49.15 3.806 85.00 3.79
88.6 3.655 114.65 3.65 120. 3.65 659.1 3.65
0.0 500. 28. 500. 38. 3000. 45. 500.
615. 500.
1.4 14.7 550. 28.9
0.1 0.43 10. 1.25
7.77 0.0228 .7
55.75 10.994 44.0 0.000
0.0 37. 50. 85. 137. 197. 654.25 50.
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ROUND TWO, PRELIMINARY SIMULATION
175 MM MOD GUN 1098 HARP
TTFFTTT 160 00 1

56 -3 03500
10.0 611.0 0.0001 2.0 0.05 0.01 0,0001 0.0001
1000 1001100 1001500 100

8965003200080000
. 529. 14.7 28.896 1.4

529.0
JA2 19PF LOT 792-39 1.0 22.5 31.884 .05763

-9 .587 0.036 1.5 19. 1
.1 0.0 10.0 8.0 2.0 2.0
40000. 1.0 41754. .5
6000. .0010459 .8608 100000. .00049449.9469 0.0 800.
.0277 .0001345 .6
20372433. 24.8226 1.2268 26.98
JA2 19PF LOT 792-39 22.5 44.0 31.698 .05763

-9 .587 0.0,30 1.5 19. 1
.1 0.01 8.0 6.0 2.0 2.0
40000. 1.0 41754. .5

.6000. .0010459 .8608 100000. .00049449.9469 0.0 800.
.0277 .0001345 .6
20372433. 24.8226 1.2268 26.98
JA2 19PF LOT 792-39 44.0 48.00 3.492 .05763

-9 .587 0.036 1.5 19. 1
.1 0.01 7.0 5.0 2.0 2.0
40000. 1.0 41754. .5
6000. .0010459 .8608 100000. .00049449 .9469 0.0 800.
.0277 .0001345 .6
20372433 24.8226 1.2268 26.98
9967547. 30.93 1.221 23.00
0. .008 .012 .015 .05 .0510 .052 .0525.0725
0.0 .99 1.00 12.0 12.1 21.3
0.0 0.0 0.0 0.0 0.0 0.0
75. 75. 0.0 0.0 0.0 0.0
00. 00. 0.0 0.0 0.0 0.0
0. 0. 0.0 0.0 0. 0.
0. 0. 0.0 0.0 0. 0.
0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0.

0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0
0.0 4.240 41.2 4.240 49.15 3.806 85.00 3.79
88.6 3.655 114.65 3.65 120. 3.65 659.1 3.65
0.0 200. 28. 300. 45. 3000. 45. 300.
615. 300.
t i 14.7 550. 4.0

0.05 0.43 7. 6.0
7.77 0.0228 .7
48.00 10.994 44.0 0.000
0.0 50. 137. 197. 397. 597. 654.25 50.
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No. of No. of
5oeDs Organization Copies Ormanization

2 Administralor 1 Commander
Defense Technical Info Center U.S. Army Tank-Automotive Command
ATrN: DTIC-DDA ATTN: ASQNC-TAC-DIT (Technical
Cameron Station Information Center)
Alexandria, VA 22304-6145 Warren, MI 48397-5000

Commander 1 Director
U.S. Army Materiel Command U.S. Army TRADOC Analysis Command
ATTN: AMCAM ATTN: ATRC-WSR
5001 Eisenhower Ave. White Sands Missile Range, NM 88002-5502
Alexandria, VA 22333-0001

1 Commandant
Commander U.S. Army Field Artillery School
U.S. Army Laboratory Command ATTN: ATSF-CSI
ATTN: AMSLC-DL Ft. Sill, OK 73503-5000
2800 Powder Mill Rd.
Adelphl, MD 20783-1145 2 Commandant

U.S. Army Infantry School
2 Commander ATTN: ATZB-SC, System Safety

U.S. Army Armament Research, Fort Benning, GA 31903-5000
Development, and Engineering Center

ATTN: SMCAR-IMI-l (c&a .m=y)l Commandant
Picatinny Arsenal, NJ 07806-5000 U.S. Army Infantry School

ATTN: ATSH-CD (Security Mgr.)
2 Commander Fort Benning, GA 31905-5660

U.S. Army Armament Research,
Development, and Engineering Center (u,•c&a*m. l Commandant

ATTN: SMCAR-TDC U.S. Army Infantry School
Picatinny Arsenal, NJ 07806-5000 ATTN: ATSH-CD-CSO-OR

Fort Benning, GA 31905-5660
Director
Benet Weapons Laboratory I WL/MNOI
U.S. Army Armament Research, Egfin AFB, FL 32542-5000

Development, and Engineering Center
ATTN: SMCAR-CCB-TL Aberdeen Proving Ground
Watervilet, NY 12189-4050

2 Dir, USAMSAA
(Uri•cams ol)¶ Commander ATTN: AMXSY-D

U.S. Army Rock Island Arsenal AMXSY-MP, H. Cohen
ATTN: SMCRI-TL/Technlcal Library
Rock island, IL 61299-5000 1 Cdr, USATECOM

ATTN: AMSTE-TC
Director
U.S. Army Aviation Research 3 Cdr, CRDEC. AMOCOM

and Technology Activity ATTN: SMCCR-RSP-A
ATTN: SAVRT-R (Library) SMCCR-MU
M/S 219-3 SMCCR-MSI
Ames Research Center
Molfelt Field, CA 94035-1000 1 Dir. VLAMO

ATTN: AMSLC-VL-O
Commander
U.S. Army Missile Command 10 Dir, USABRL
ATTN: AMSMI-RD-CS-R (DUG) ATTN: SLCBR-DD-T
Redstone Arsenal, AL 35898-5010
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Commander 15 Commander
U.S. Army Concepts Analys Agency U.S. Army Armamwt Research, Development.
ATTN: D. Hardison aid Engineering Center
8120 Woodmont Avenue ATTN: SMCAR-AEE
Belhesda, MD 20014 SMCAR-AEE-B,

A. Beardell
C.IAA D. Downs
01 R/DB/Standard S. Einstein
Washngton, DC 20505 S. Westley

S. Bernstein
U.S. Army Ballistic Missile Defense Systems J. Rutkowski

Command B. Brodman
Advanced TechnOoky Center P. O'Reilly
P.O. Box 1500 R. Cirinclone
Huntsvie, AL 35807-3801 A. Grabowsky

P. Hui
chairman J. O'Reilly
DOD Eqxsives Safely Bod W. DeViles
Room 856-C SMCAR-AES, S. Kaplowitz
Hoffman Bldg. I Picatinmy Arsenal, NJ 07806-5000
2461 Eisenhower Avenue
Alexandria. VA 22331-060 2 Commander

U.S. Army Amament Researc, Development
Commander and Engineering Center
U.S. Army Materiel Command ATTN: SMCAR-CCD, D. Spring
ATTN: AMCDE-DW SMCAR-CCH-V, C. Mandra
5001 E w e Avenue Picatinny Arsenal, NJ 07806.5000
Alanria. VA 22333..001

I Commander
Depat of the Army U.S. Army Armawt Re.each, Development
Ofioe of the Product Mnager and Egineegring Center
155mm Howitzer, M109A6, Paladin ATTN: SMCAR-HFM, E. Batriefes
ATTN: SFAE-AR-HlP-P, Mr. R. De Kene Picatirny Arsea, NJ 07806-5000
Picatinny Arsenal. NJ 0700,.5000

I Commander
2 Commander U.S. Ak,-y rmament Reerch, Develcpment

Production Base Modernization Agency and EnMneing Center
U.S. Army Armament Research, Development ATTN: SMCAR-FSA-T, M. Salsbry

and EnnerN Center Picatinny Arsenal. NJ 07806-5000
ATTN: AMSMC-PBM. A. S"

MMGC W.E, L LomonI Comander
Picam%'ny As-Wal. NJ 07806.00 U.S. Army A tranen Research. Developmen,

and Enginewin Center
3 PEO-Atmarmes ATTN: SMCAR-FF.C, MAJ Lundterg

Pect Manager Picatinny Arsenal, NJ 07806-5000
T&* Wm Armament System
ATTN: AMCPM-TMN Rus, I Commander

AMCPM-TMA-105 U.S. Army Armament Reseah. Development
AMCPM-TMA-1201C. Roger and Engie-n Center

Picalinny Pasenal, NJ 07806-5000 ATTN: SMCAR-FF-E, A. Graf
Picafinny Asenal. KJ 078065000
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Commander, USACECOM 1 Director
R&D Technical Uibrary U.S. Army TIAC-F. Lee
ATTN: ASQNC-ELC4S-L-R,'Meyer Center ATrN: AThC-L, Mr. Cameron
Fort Monmouth, NJ 07703-5301 Fort Lee VA 23801-6140

Commander 1 Commandant
"U.S. Army Harry Diamond Laboratory U.S. Army Command and Gmeral Staff College

ATTN: SLCHD-TA-L Fort Leavenworth, KS 66027
2800 Powder Mill Rd.

SAd"W MD 20783-1145 1 Commandant
U.S. Army Special Warfare School

Commandant ATTN: Rev and Tmg Ut Div
U.S. Army Aviation Sdxho Fort Bragg, NC 28307
ATTN: Aviation Agency
Fort RuLcer, AL 36360 3 Commander

Radford Army Ammunition Plant
2 Program Manager ATTN: SMCAR-QAHI LIB (3 cps)

U.S. Ta•-Aubmoi Cobmmand Radford, VA 24141-0298
ATTN: AMCPM-ABMS, T. Dean (2cps)
Warren, MI 48092-2498 1 Commander

U.S. Army Foreign Science and Technology
Project Manager Center
U.S. Tar*-AuToe Command ATTN: AMXST-MC-3
Fighting Vehicle Systems 220 Seventh Street, NE
ATTN: SFAE-ASM-BV Charlottesville, VA 22901-5396
Warren, MI 48092-2498

2 Commander
Project Manager, Abrams Tank System Naval Sea Systems Command
ATTN: SFAE-ASM-AB ATTN: SEA 62R
Warren, Mi 48397-,500 SEA 64

Wasington. DC 203=2-5101
Ditecto
HO, TRAC RPD I Commander
ATTN: ATCDOMA Naval Ai Systems Command
Fort Monroe, VA 23651-5143 ATTN: AIR-954-Tech LWary

Washington. DC 2036

2 Dimeto
U.S. Army Materials Technokoy Labo I Naval Reserch Laboratory
ATTN: SLCMT-ATL (2 cps) Technical Library
Waertowrn MA 02172-0001 Washnon. DC 20375

Comander 2 CommandaM
U.S. Army Research Offa U.S. Army Field Artlery Center and Sc'ool
ATTN: Techlca Lbr ATTN: ATSF-CO-MW, E.Dusky (2 cps)
P.O. Box 12211 Ft. SW. OK 73503-5600
Reseach Thanle Park NC 27709-2211

I Office of Naval Research
C naeATTN: Code 473, R.S. Wye
U.S. Ar"ny Bel Research &-4 Develowpmwn 600 N. Qukxc Street

Cene( Alnton. VA 22217-9999
ATTN. STRBE-WC
Fort B".vol, VA 22060-5006
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3 Commandant 4 Commander
U.S. Army Armor School Indian Head Division
AMTN: ATZK-CO-MS, M. Faikovitch (3 cps) Naval Surface Warfare Center
Armor Aency ATTN: Code 610, T.C. Smith
"Fort Knox, KY 40121-5215 D. Brooks

KI Rice
2 Commander Techn Library

U.S. Naval Surface Warfare Center Indian Head, MD 20640-5035
ATTN: J.P. Coisaga

C. Gotzmer 1 ATSTL (Technkcal Library)
Indian Head, MD 20640-5000 ATTN: J. Lamb

Edwards AFB, CA 93523.5000
4 Commander

Naval Sface Warfare Coener 1 AFATL/DLYV
ATTN: Code 730 EgUn AFB, FL 32542-5000

Code R-13,
. .Kim I AFATLJDLXP
R. Bernecker Egln AFB, FL 32542.5000
H. Sandusky

Silver Spring% MD 20903-5000 1 AFATUDLJE
EgUn AFB, FL 32542-5000

2 Commaning Officer
Naval Underwater Systems Center I AFELM, The Rand CoQuoati
ATTN: Code 58331, R.S. Lawza ATTN: Library D
Tenical Library 1700 Main Street
Newport RI 02840 Santa Monica, CA 90401-,297

5 Commne 3 AM Corporation
Naval Sutface Warfare Center ATTN: J. Hebert
ATTN: Code G33, J. Frankde

SJ.East D. Cleveland
W. BurreUl P.O. Box 126
J. Johdrw Hut Valley,IMD 21030-0126
Code G23, D. McClure
Code DX-21 Tech Lbary 2 Aeo*t Solid Ptopulsion Co.

Dasmgren VA 22448-5000 ATTN: P. Mi
L Tonrey-on

3 Cownmander Sacramento, CA 96813
Naval Weapons Center
ATTN: Code 388, C.F. Price 3 AILSCF

Code 38-95. T. Part ATTN: J. Levine
Inomation Science Q o L QuWnn

China L&L. CA 935556001 T. Edwrds
Edmords AFB, CA 935230

I SOSOlC'4fST
ATTN: LH. Ca.eny I AVCO Everetl Resec Laboratory
"re"d gon ATTN: D. Sickler
Wasig* n DC 20301-7100 2385 Revere Beach Pwcway

Eveett IAA 02149-59,3
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Genera Ee* Company I Paul Gough Associates, Inc.
Tactical System Depo•tent ATTN: P.S. Gough
ATTN: J. Mandzy 1048 South St.
100 Plastics Ave. Portsmouth, NH 03801-5423
P-tW MA 01201-3698

TI Physics International Company
" I IITRI ATTN: Ubrary/H. Wayne Wampler

ATTN: M.J. Klein 2700 Meced Street
10 W. 35th Street San Leandro, CA 984577-5602

• " Chicago, IL 60616-3799 11 Princeton Combustion Research
Hercules, Inc. Laboratory, Inc.
Allegheny Ballistics labort ATTN: M. Summefrield
ATTN: Wiliam B. Walwp 475 US Highway One
P.O. Box 210 Monmouth Junction J NJ
Rodcet Cenfr, WV 26726

2 Rockwell International
I Hercules, Inc. Rocketdyne Division

Radford Army Ammuition Plant ATTN: BA08,
ATTN: E. Hibshm J.E, Flanagan
Radford, VA 24141,4M99 J. Gray

6633 Canoga Avenue
1 Hercules, Inc. Canoga Park CA 91303-2703

Hercules Plaze
ATTN: B.M. Riggleman I Thioco Corporation
W&linWgton, DE 19894 Huntsville Divon

ATTN: Tech L.ibary
3 Lawrence Lvermore National Huntsville, AL 35807

Laborator
ATTN: L-355, Sverdrup Tedchology, Inc.

k. ukom ATTN: Dr. John Deur
M. Finger 2001 Aerospa Parkway

L-324, M. Constanioo B.ook Park OH 44142
P.O. Box 808
i.mermore, CA 94550.0622 2 Thoo Corporaton

EMklon DIon
Okn Corporation ATTN: R, Bdi
Badger Anny Anuwlaion Plant Tech Lary
ATTN: F.E. Wcd P.O. Box 241
Baraboo, Wi 53913 EWon, MD 21921-0241

3 Olin Corporatrio I Science Ag~icatons tntrnalnatW Cotp.
ATTN: EJ. Kilsche ATTN: M P'alrmer

A.F. Gonzalez 2109 Aipaik Rd.
D.W. wo n Ab4jiWe. UP 87106

P.O. Box 222
St. Marks, FL 32355.0222 1 Verfay Technology, Inc.

ATTN: E. Fmh&
oI Oinance 4845 UerspoM Hwy.
ATTN: HA McEIMo East kw st NY 145,1.030=
10101 9th Street. Noth
SL PerWU FL 33716
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I Universl Pr slon Coman Institute of Gas Technology

ATTN: H.J. McSpadden A32N: D. GSaeSew
25401 Noah Central Ave. 3424 S. State L treet
Phomix. AZ 85027-7837 Chicago, IL 60616-8

1 Battele I Johns Hopldns University
ATTN: TACTEC Librai, J.N. Huggins Aplied Physics I. aory
505 King Avenue Chemc Propsi
CoUnu, OH 43201-2693 Infonration Agency

ATTN: T. Christian

Brigham Young University Johns Hopns Road
Depatment of Chemical EngineerIng Laurel. MD 20707-0690
AITN: M. Bedcqtead
Provo, UT 84601 I Massachusetts Institute of Technology

Depa ent of Mecha•c Enginee
SCao* Institute of Technooy ATTN: I Toong
204 Ka•mn Lab 77 Massachusetts Avenue
Main Stop 30146 Candidge. MA 02139-4307
ATTN: FEC. Culick
1201 E. Calfonia Street 1 Pennsylvania State Uner
Pasi.ade CA 91109 Depatment of Mechanlcal Engineng

ATTN: V. Yang
Caf Institute of Tehnrology Univer* Pak PA 16802-7501

Jet Pfowus Labdatory
ATTN: LD. Strand, MS 512/102 1 Pennsylvaria State University

480 ft1 Grove Driv Deparmn of Mechanical Engineerig
Pasadena, CA 91109-8099 ATTN: K. Kuo

Uwersty Park, PA 16802-7501

1 U*W* itof wwnl
Deprme of Mecharal&dusby Enneing I Pernsylan state U ersity
ATTN: H. Krier Assistant Professor
144 MEB; 1206 N. Green St Depareot of MechW EranneeiNg

Urai IL 61801-2978 ATTN: Dr. Stea T. ThyneU
219 Hak Bu•l5N

Univesýi of Mams mtts Uue"t, Park PA 16802-7501

DetmW of Mecharkcl Engneen
ATTN: K Jas I Pennsytwania State Unmerty
Afmfst MA O100214 OWector, Gas O nics Laboratory

Deprten of eciNical Engk~eerui
U OerSty of Aimesda ATTN: Dr. Gary S. Settles

DepartmwYt of Lmecjira Enwryneig 303 Mecharical Ei~meerrýg BSiic.,n
ATTN: E. Relho UnverWy Pak PA 168027501
WmaVeois. MN 55414-336 I SRI! nterna'-na

3 Geog inst•.te of TW loy S" of Propilsor Swences Divivon
Aesp,,3 c c* ge ATTN: Tech LUay

ATTN: 8.T. bn 333 Ra•vwnW Avenue
E. Pice Merio Pik, CA 9402543493
W.C. SU-re.

Atlanta. GA 303.2 I Rensseelaet Pio)Iedwi institue
Depi'tlen of Matealics
Th-,. NV 12181
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2 Drector I AIant Techsystems, Inc.
Los Alamos Sdcentifc Lab ATTN: R.E. Tompkins
ATTN: T3/D. Buter MN383300

H. Dlvislon. Cr1 5700 Smetana Dr.
P.O. Box 1663 Mnnetce*a, MN 55343
Los Alamos, NM 87544

"1 A~llant Techsystems, Inc.
I General Appiled Scdences Lab ATTN: J. Kennedy

ATTN: J. Erdos 7225 Northland Drive
77 Raynor Ave. Brookipi Park, MN 55428
RokonkaM NY 11779-6649

Science Applications, Inc.
SBattelle PNL ATTN: R.B. Edelman

AirN: Mr. Mark Gainldt 23146 Cumorah Crest Drive
P.O. Box 999 Woodland Hills, CA 91364-3710
Ridid WA 99352

I Battelle Columbus Laboratories
Stevens Institute of Technnogy ATTN: Mr. Victor Levin
Davidson Laboratory 505 King Ave.
ATTN: R. McAlevy III Coumbs OH 43201-2693
Castle Point Station
Hoboken. W 070305907 1 Allegheny Ballistics Laboratoy

PiouIsIoW Technology Department
3 Institute for Adva d Technoloy Hercules Aerospace Company

Sloneaka Offi Complex ATTN: Mr. Thomas F. Farabaugh
4030-2W Braker Lane P.O. Box 210
ATTN: H. Fair Roe Centar, WV 26726

T. Kiehne
D. Bery I MBR Research Ino.

As A (TX 78759 ATTN: Dr. Moshe Sen-Reuven
601 Ewing St., Suite C-22

I RU vefsit Princeton. NJ 081540
- awt0 of Madwical ani Aerospae

Enguimin Aberdee Proig Ground
ATTN: S. Te6,,in
Un&vey Heights Camp Cdr, CSTA
New Bw- wdk NJ GM ATTN: STECS-PO. Hae cks

11 U~siyoouwemC-akk..a
Maer" EnOWenn Dgfepad
ATTN: HE200, M. Gefstein

Ls Angeles, CA 90G89-6199

2 UnwSi of Utah
Depatm~ of COw"~ EW~ngnei
ATTN: A. Baer
Sakt aM City. UT 84112-1194

Washin o Ste Un&WrSy
DW ( Meft*J- nineun

ATTIN: C.T. Cowe
Pt•ln, WA 99163-5201
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